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E-mail address: tapash@boseinst.ernet.in (T.C. GhoPseudogenes, regarded as ‘genomic fossils’, are DNA sequences resembling functional genes in per-
spective of sequence homology but completely non-functional. In this study, we explored the
unique characteristic features of human genes, conﬁguring classical duplicated pseudogenes. We
found that progenitors of duplicated pseudogenes are characterized by a high expressivity, and abil-
ity to encode hub-proteins in association with a high evolutionary rate. Such unusual features are
endorsed by longer protein length, elevated CpG content, and a high recombination rate. The
non-functionalization of their duplicated copies can be attributed to the overabundance of gene
paralog number in concert with functional redundancy.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ing the last few decades pseudogenes are being speculated as assetsPseudogenes, the defunct copies of their functional counterparts
arise by retrotransposition or duplication followed by various ge-
netic disablements. Due to the shared ancestrywith their functional
relatives they are considered as ‘genetic fossil’ and are treated as
important resources of comparative genomics [1]. Depending on
the origin and characteristic features they are classiﬁed as (i) dupli-
cated or non-processed pseudogenes, (ii) processed or retrotrans-
posed pseudogenes, (iii) unitary pseudogenes. The duplicated
pseudogenes arise due to unequal crossing over between two
homologous chromosomes [2] (during the process of DNA replica-
tion) followed by non-deleterious mutations. In spite of having ori-
ginal promoter, intron and exon sequences intact [3], the erroneous
recombination and subsequent mutations steer them to the path of
non-functionalization. Processed pseudogenes, often termed as
‘‘dead on arrival” [4] are ensued by the reverse transcription of ma-
ture mRNAs and reinsertion of the cDNAs into the genome [5]
whereas unitary pseudogenes are like ‘vestigial DNA sequences’,
which are developed in the genome when a singleton gene is deac-
tivated by mutation that becomes ﬁxed in the population [6]. Dur-chemical Societies. Published by E
udogenes; PFG, progenitor of
sh).regarding studies of evolutionary relatedness and protein evolu-
tion. Pseudogenes, being originated as a consequence of neutral
evolution, are often considered as paradigm of neutral evolution
[7].
In this study we attempted to draw some probable explanation
for the genes targeted to duplicated pseudogenization by their
expressivity, hub-protein encoding gene abundance, longer gene
length, higher paralog number, abounding CpG content, an ele-
vated recombination rate and functional redundancy. Our study
will surely open a new paradigm in duplicated pseudogenization.2. Materials and methods
Human duplicated gene set and Human pseudogene annota-
tions were retrieved from Ensemble 55 (http://www.ensem-
bl.org/biomart/martview) [8] and pseudogene.org database (Build
36) (http://www.pseudogene.org/) [9], respectively. The number
of genes conﬁguring duplicated pseudogenes (i.e. progenitor of
duplicated pseudogenes (PDPG)) and the genes casting functional
genes (i.e. progenitor of functional genes (PFG)) are 1447 and
2777, respectively (Supplementary Table 1). The corresponding
gene sequences were retrieved from ftp://ftp.ncbi.nih.gov/gen-
omes/H_sapiens/.
The network connectivity of the genes was obtained from HPRD
(Human Protein Reference Database), version 7 (http://www.lsevier B.V. All rights reserved.
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were assigned as hub-proteins.
Human duplicated genes and corresponding mouse orthologs
were achieved from Ensembl 55. Pair-wise synonymous (dS) and
non-synonymous (dN) distances between the orthologous genes
of human and mouse were calculated using the PAML package with
default parameters [11].
Gene CpG content was estimated by ‘cpgreport’ (http://www.
ebi.ac.uk/Tools/emboss/cpgplot/) [12]. Chromosome wise gene
recombination rates were downloaded from http://www.hap-
map.org [13]. The recombination rate of the progenitor genes were
calculated using the formula
P
qi/l, where qi stands for recombina-
tion rate at a base position and l for the genic length corresponding
to that gene [14].
Gene expression proﬁles were extracted from Human GeneAtlas
GNF1H, MAS5 dataset (http://symatlas.gnf.org) [15]. The average
expression values for all probe sets were sorted in ascending order
and divided equally into ﬁve clusters and were ranked as 1–5,
where rank 1 represents lowly expressed genes and rank 5 repre-
sents the highly expressed ones.
The functional information carried by the GO annotations was
obtained from go molecular functions of human genome in Ensem-
bl 55. The Czekanowski–Dice distance formula used [16] to calcu-
late functional distance of human genes from their corresponding
paralogous genes is
Functional distði; jÞ ¼ number of ðTermsðiÞ D TermsðjÞÞ
n ½ðnumber of ðTermsðiÞ [ TermsðjÞÞ
þ number of ðTermsðiÞ \ TermsðjÞÞ
In which, i and j denote two human genes i.e. a gene and its
paralogous gene. Terms(i) and Terms(j) are the lists of the GO
terms for individual genes. The symbol D is the symmetrical differ-
ence between the GO term sets of two genes.Table 1
Comparative study between PDPG and PFG.
Average values Progenitor genes of the
duplicated
pseudogenes in the paralog set
having pseudogenes
Progenitor genes of
the paralog
set lacking
pseudogenes
Gene recombination
rate (cM/Mb)
1.442 0.002
Gene paralog
number
8.016 2.999
Evolutionary rate
(dN/dS)
0.163 0.138
CpG content 136.910 81.195
Gene coding
sequence length
(bp)
2454.967 1948.845
Functional distance 0.328 0.3363. Results and discussion
3.1. Abundance of hub-proteins and highly expressed genes in the
ancestors of duplicated pseudogenes
According to the centrality-lethality rule, highly connected pro-
teins in protein–protein interaction network (hub) are essential for
the survival of the organism, since hub-proteins are important for
the maintenance of the network structure [17]. In addition, human
essential genes are likely to encode hub-proteins and are widely
expressed [18]. Investigating the network connectivity of PDPG
and PFG, we obtained higher, though not signiﬁcant, connectivity
for PDPG than PFG (average value of interacting partners for
PDPG = 9.539 and PFG = 8.86, P value = 1.64  101 in M-W test).
However, we obtained a signiﬁcantly higher abundance of hub-
proteins [Z score = 1.536, conﬁdence level = 93.8%] in the set of
PDPG (53.48%) than PFG (47.53%). In addition, highly expressed
genes are predominant in PDPG (42.21%) compared to PFG
(37.87%) [Z score = 1.325, conﬁdence level = 90.7%]. Thus, the
above observations suggest that PDPG act like an essential group
of genes.
3.2. Progenitors of duplicated pseudogenes executing high
recombination rate harbor a large number of paralogs
It has been suggested that in mammals, protein connectivity
is positively correlated with gene duplicability [19]. Thus it is ex-
pected that PDPG may exhibit a high paralog number for their
hub protein encoding ability. Since, the duplication frequency
shares a positive correlation with the recombination rate [20];PDPG may increase their paralog number by upregulating the
recombination rate. Here, we observed a signiﬁcantly higher
recombination rate (P = 1.37  10183 in M-W test, Table 1) for
PDPG than PFG. Consequently PDPG exhibit signiﬁcantly higher
paralog number per gene (P = 2.18  1057 in M-W test) (Table
1) compared to PFG and also bear a signiﬁcant positive correla-
tion between the recombination rate and gene paralog number
(Spearman’s q = 0.381, P = 1.00  106). More interestingly, the
paralog number bears a signiﬁcant but weak positive correlation
(Spearman’s q = 0.09, P = 1.40  102) with the number of
duplicated pseudogenes formed per functional gene, which signi-
ﬁes that high paralog number may induce duplicated
pseudogenization.
3.3. Evolutionary rate, CpG Island content and length of the genes
casting duplicated pseudogenes
It was reported that functionally more important genes will
encounter stronger selective pressure than the genes having less
functional importance [21]. Research on pseudogenes revealed
that, the pseudogenes exhibit extraordinarily high evolutionary
rate [22]. So, we were interested to ﬁnd the evolutionary feature
of those genes which are functionally important (higher connectiv-
ity, higher expressivity) but give rise to non-functional pseudo-
genes. Surprisingly, in our analysis we found that PDPG have a
signiﬁcantly higher value of evolutionary rate (dN/dS)
(P = 2.34  1018 in M-W test, Table 1) compared to that of PFG.
Previously, it was suggested that recombination rate co varies with
the rate of neutral mutation [23]. We also noticed a signiﬁcant po-
sitive association between the gene recombination rate and evolu-
tionary rate (Spearman’s q = 0.048, P = 0.043) which facilitated to
decipher that PDPG, having an elevated rate of gene recombination
event, form a number of their duplicated copies which can fre-
quently assemble mutations due to the erroneous duplication pro-
cess. Another reason for higher substitution rate can be ascribed by
the genomic CpG content [24]. Accordingly in our dataset PDPG
showed signiﬁcantly higher values of CpG content (P = 1  103
in M-W test, Table 1) when compared PFG. Earlier it was reported
that gene length can positively constrain the rate of protein evolu-
tion [25]. Consistent result has been obtained in our result depict-
ing that the gene length of the highly evolving PDPG is signiﬁcantly
higher (P = 1.07  105 in M-W test, Table 1) than the slower
evolving PFG. Recent discovery on pseudogenes also disclosed that
gene length plays an important role in duplicative pseudogeniza-
tion: longer protein coding genes are more susceptible to produce
non-processed pseudogenes as they accumulate more deleterious
mutations under a neutral evolutionary scenario [26] which also
strengthens our ﬁndings.
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other paralog members
The essential nature of PDPG in contrast with their high muta-
tion conceivability induced us to search the exclusive features
which can predict the reason behind the non-functionalization of
their duplicated gene copies. Recently it has been established that
genes forming hub-proteins, sought to retain their homologs pro-
viding an extra copy [27] since the researchers argued that genes
can maintain redundant copies as ‘failsafe’ or ‘backup’ in case the
original one is terminated by mutation [28]. Earlier, it was argued
that, gene duplication yields functional redundancy and it is often
not proﬁtable to retain two identical genes [29] as it enhances met-
abolic cost for maintaining the genes when accomplishing extra
transcription and translation events [30]. To apprehend whether
the functional redundancy is responsible for silencing the extra
gene copies, we measured the functional distance of the progenitor
genes of the non-processed pseudogenes from their paralogous
genes. The average value of functional distance of PDPG was found
to be signiﬁcantly lesser (P = 2.8  102 in M-W test, Table 1) than
PFG which indicates that the ancestors of duplicated pseudogenes
are functionally closer to their paralogs. The evolutionary rate also
exhibits a negative correlation (Spearman’s q = 0.024, P = 5.9 
105) with the functional distance of the above mentioned gene
groups indicating the fact that genes with functional redundancy
are liable to accumulate non-synonymous base substitutions.
Previously, it was ascertained that the hub-protein encoding
genes having higher duplicability [19] execute a higher level of
expression [31] which is also consistent with our observations on
PDPG. This ﬁndings account for a lower evolutionary rate of PDPG.
However, in our analysis we observed a higher value of evolution-
ary rate of PDPG which assigns them as a distinctive gene group
with some aberrant characteristics. The selection theory on dupli-
cated genes proposed that, genes, raised by duplication, persist as
functional ones, if the mutations create some new genes with some
new functions [32]. When the mutations encountered are deleteri-
ous then the genes will be lost. But in case the mutations are silent
in nature, the duplicated genes will escape the ﬁltration process of
natural selection and will be restored in the genome [29]. It is sug-
gested that pseudogenes can serve as a reservoir of sequence vari-
ants and can be transferred to the functional genes [33]. Delving
deeper into the fact we aimed to picture out the nature of the
duplicated genes composing non-processed pseudogenes. We pro-
posed that, the involvement of PDPG in protein–protein interaction
network signiﬁes their urge to recombine more frequently in order
to increase the paralog number since it is previously suggested
that, in mammals, the hub-protein encoding genes display higher
gene duplicability by virtue of their need to be produced in a high
dosage [19] as well as they may intend to reserve back up copy for
future defense. Although the functional similarity of the duplicate
genes can provide a back up for gene loss through mutations [34],
the redundant copies are not protected against deleterious muta-
tions and thus are evolutionarily unstable [35]. Moreover, PDPG
while increasing the paralog number with redundant function
may exceed the optimum requirement of the cell. In such a sce-
nario the redundant copies may result into the dosage imbalance
which is deleterious for the cellular integrity according to the bal-
ance hypothesis [36] of network interacting proteins. Besides that,
we here, explained the elevated evolutionary feature of PDPG by
their unique genomic features such as longer gene length and
afﬂuence of CpG Island. It was also suggested that, in mammals,
the enrichment of CpG dinucleotides stimulates gene recombina-
tion rate either structurally or by protein binding [37]. In our work
the PDPG showing a higher rate of gene recombination and conse-
quently higher duplicability (over PFG) execute an abundance of
CpG residues. Our result displaying a positive correlation betweengene recombination rate and CpG content (Spearman’s q = 0.143,
P = 1.0  106) also reinforces the aforementioned fact. CpG Island
indeed offers the site for mutational hotspot which leads the pro-
genitor genes to gather indels or base substitutions and step up the
rate of evolution.
To the best of our knowledge, it is the ﬁrst detailed structural
characterization of the human genes composing non-processed
pseudogenes. Our analysis will appreciate the way of future studies
on structural and functional characterization of the human genes
giving rise to the rest classes of pseudogenes along with their im-
pact on human gene family evolution.
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